The continuous increase of environmental regulations make interesting to find effective and efficient methods for processing effluents containing metal ions. This research focuses on cadmium removal from brackish water by an electro-membrane process: The electrodialysis. Experiments were carried out on synthetic brackish water solutions and using a laboratory scale electrodialysis system. The influence of several parameters on process efficiency was investigated. The efficiency of this process was assessed by the determination of five parameters: The demineralization rate, the removal rate and the transport flux of cadmium, the current efficiency and the specific power consumption. The applied voltage, the feed flow rate, the pH and cadmium initial concentration of the feed solution have a significant effect on the process efficiency and mainly on the cadmium transfer from dilute to concentrate compartment. In contrast, feed ionic strength seems to affect only the SPC and not the R(Cd).
INTRODUCTION
Cadmium is a heavy metal with an oxidation state of +II. It presents toxic effects on the kidney, the skeletal and the respiratory systems, and is classified as a human carcinogen. It is generally present in the environment at low levels. However, human activity has significantly increased those levels [1] . Cadmium concentrations in unpolluted natural waters are usually below 1 g L - 1 . Contamination of drinking-water can occur as a result of the presence of cadmium as an impurity in the zinc of galvanized pipes or cadmiumcontaining solders in fittings, water heaters, water coolers and taps [2] . Levels of cadmium could be higher in areas supplied with soft water of low pH, as this would tend to be more corrosive in plumbing systems containing cadmium. The World Health Organization considered that an amount of 3 g L -1 of cadmium should not be exceeded for drinking water [1, 2] .
The continuous increase of environmental regulations is making the development of effective and efficient methods for the treatment of the solutions containing metal ions, even at very low concentrations, interesting. A literature review indicates that there are several methods for removal of cadmium used in water purification processes. The main processes are: ion *Address correspondence to this author at the Engineering Preparatory Institute of Nabeul, University of Carthage, Merazka, 8000, Nabeul, Tunisia; Tel: (+216) 22 54 60 31; Fax: (+216) 72 22 01 81; E-mail: mourad.bensikali@gmail.com exchange [3] , adsorption [4] [5] [6] and membrane processes [7] [8] [9] .
The use of membrane separation process in treating wastewater containing toxic metal ions is today an attractive and suitable technique, and it has to be easily included in whole process, which is the reason why membrane separations are being used more and more frequently. On the other hand, separation can be carried at room temperature; the modular membrane surface can be easily adjusted to the wastewater flows; and various industrial membranes are now available. In order to retain metallic ions, reverse osmosis (or at least nanofiltration) can be used due to the size of the ions in aqueous solutions. But the efficiencies of these techniques is limited by their low permeate fluxes and their high costs [7] .
Electrodialysis and its associated technologies are electrochemical membrane separation processes in which ions are transferred through selective ion exchange membranes from one solution to another using an electric field as the driving force [10] . The concern in using of electrodialysis (ED) to remove inorganic contaminants such as borate, fluoride and heavy metals from water has augmented worldwide [11, 12] . This is mainly due to that electrodialysis is a simple process and doesn't have many of the imperfections of chemical processes. The interest in this process has increased specially after the development of new membranes and new sources of energy [11] . Few studies were conducted and confirmed that electrodialysis is a judicious process for contaminants removing from water and wastewater.
As mentioned before, the electrodialysis is an electro membrane process especially used for the desalination of brackish water and sodium chloride recovery from sea water [10, 13] . The transfer of ionic components from aqueous solution through ion exchange membranes is carried out under the driving force of an electrical field.
A conventional electrodialysis cell includes anion and cation exchange membranes that are alternately arranged between two electrodes (Figure 1 ) [14] [15] [16] .
Under the effect of an electrical potential difference, the positively charged ions (cations) move to the cathode, passing through the negatively charged cation exchange membrane and retained by the positively charged anion exchange membrane. Whereas the negatively charged ions (anions) move to the anode, passing through the anion exchange membrane and stopped by the cation exchange membrane. The two types of membranes generate alternately two compartments. The overall result is an enhancement of ions in a concentrate stream (2) and a depletion of ions in a dilute stream (1) [16] .
The purpose of this work is to investigate the cadmium removal efficiency from brackish water using electrodialysis. Experiments were carried out on synthetic brackish water solutions using a laboratory scale electrodialysis system. The influence of few parameters, such as applied voltage, flow rate, initial feed concentration, ionic strength and initial pH on process efficiency were considered. The efficiency of this process was assessed by the determination of five parameters: The demineralization rate, the compound removal rate and its transport flux, the current efficiency and the specific power consumption
MATERIAL AND METHODS

Electrodialysis Equipment and Membranes
Electrodialyzer supplied by PCA-Polymerchemie Altmeier GmbH and PCCell GmbH, Heusweiler (Germany) was used in this study. It consists of: an ED cell, three tanks for respectively the dilute, the concentrate and the electrodes rinse solutions, a power direct current generator and three centrifugal pumps. A simplified diagram of the electrodialysis setup working in continuous mode is shown in the Figure 2 .
The stack configuration of the ED cell is shown in Figure 3 . It comprised three standard cation-exchange membranes (PCA-SK) and two standard anionexchange membranes (PCA-SA). These membranes were also supplied by PCCell GmbH, Heusweiler (Germany). There specific properties are presented in Table 1 .
The effective area of each membrane was 64 cm 2 .
Plastic separators (spacers) are placed between them to form the flow paths of the different compartments. This arrangement defined three independent compartments (dilute stream, concentrate stream and electrode stream). The flow channel width between two membranes is 0.5 mm. As shown in Figure 3 , membranes and spacers were arranged between two electrodes made of Pt/Ir -coated Titanium.
Solutions were continuously pumped through each compartment from reservoir tanks using adjustable pumps.
Reagents
Analytical grade salts (sodium chloride, cadmium chloride dehydrates and sodium sulphate) and distilled water were used in all experiments to prepare the synthetic brackish water solutions and the electrode rinse solution. All reagents were supplied by SigmaAldrich Chemie GmbH (Switzerland).
Experimental Procedure
During an ED process, a harmful gazes (chlorine …) or sub-products (hypochlorite …) can be produced at electrodes surfaces. For this reason and to protect the membranes and mainly the electrodes, an electrodes rinse solution with a relatively high velocity (80 L h 1 ) and salinity (0.1 M Na 2 SO 4 ) was circulated inside the electrodes compartments.
Before each experiment, a synthetic brackish water solution is prepared by dissolving salts in distilled water. The ionic strength was then fixed by adjusting the concentration of sodium chloride. Finally, pH was corrected by HCl (0.1 M) or NaOH (0.1 M), As initial concentrate and dilute, the same prepared solution was used. Their flow rates (dilute and concentrate) were adjusted at the beginning of experiment. The ED process starts by applying a potential difference (applied voltage) between electrodes using the direct current generator. Samples from each compartment were collected at the inlet (before treatment) and outlet (after treatment).
At the end of each assay, the system was cleaned by circulating successively solutions of 0.1 M HCl, 0.1 M NaOH and distilled water through the ED cell during 30 min each.
Analytical Methods
Conductivity and temperature of samples were measured online using a conductivity meter ((712 Conductometer, Metrohm AG, Switzerland).
Cadmium amounts were determined by atomic absorption spectrometer (AAS Vario 6 spectrometer, Germany). All samples were acidified before analysis.
Solutions pH were quantified by a pH-meter (654 pH-meter, Metrohm AG, Switzerland) equipped with a glass electrode.
Data Analysis
The purpose of this work was to investigate the effects of few parameters on electrodialysis cell performance for cadmium removal. The efficiency of this process can be assessed by the determination of five parameters: The demineralization rate, the compound removal rate and its transport flux, the current efficiency and the specific power consumption.
All figures and tables refer to changes in the dilute. The mass balance of the ions initially existing in the feed solution was verified for dilute, concentrate and electrode rinse solution. Therefore, data for concentrate and electrode rinse solution will not be presented in this paper.
Demineralization Rate DR
The conductivity allowed following the total amount of salts removed: the demineralization rate (DR) which can be calculated as [17, 18] :
Where DR is the demineralization rate expressed in percentage, C 0 and C t are, respectively, the conductivity of the solution before and after treatment (expressed in mS cm -1 ).
Removal Rate of Cadmium R (Cd)
To discuss the metal removal and then process efficiency, the removal percentage was evaluated for all experiments. The amount of cadmium removed was defined as: ) in the dilute compartment and in the feed solution.
The Cadmium Transport Flux J(Cd)
Kinetic of cadmium transport from the feed (dilute compartment) to the receiver phase (concentrate compartment) can also be evaluated by the ionic flux (J). It was determined using the following equation [19] :
Where V (L) is the volume of the concentrate compartment (receiver phase), A (cm 2 ) is the effective membrane area,
) is the transported amount of cadmium at a period time T (s).
Specific Power Consumption SPC
The energy required to treat a unit volume of solution is called the Specific power consumption (SPC). It can be calculated using the following equation [19] :
Where E (V) is the applied potential, I (A) the applied current, V (L) the dilute stream volume and t (h) is the time.
The Current Efficiency CE
The amount of ion crossing the membrane from the feed (dilute) to the receiver (concentrate) solutions during an interval of time t can be compared to the real number of faradays consumed in the operation. The ratio of these two quantities is called current efficiency (CE).
The current efficiency is an important parameter that defines the applicability of the electrodialysis process. It can indicate how effective ions are transported across the membranes for a given applied current. CE can be calculated using the following equation [20, 21] :
is the equivalent number of an ion A transferred per cell during the interval of time t (s), Q the current quantity supplied to the system during the
RESULTS AND DISCUSSION
Effects of Applied Voltage
To study the effect of applied voltage, the ionic strength, pH, cadmium concentration of feed solution and the inlet velocity were fixed respectively to 0.025 M, 5, 6 mg L -1 and 17 L h -1 .
The influences of applied voltages on the DR, R (Cd), J (Cd), CE and SPC are shown in Figure 4 . Figure 4a shows that the demineralization rate increases by increasing the applied voltage. In this graph, three zones are distinguished. For low applied voltage (E < 2 V) the demineralization increases slightly by increasing voltage drop. Previous work [13] showed that in these experimental conditions the resistance of the stack is relatively high. The applied voltage is not so significant to overcome the resistance of membranes and then not able to transport ions. As consequence there are few transports of ions from the dilute to the concentrate compartments. This is also confirmed in Figure 4b where low ionic fluxes are obtained in this region.
For higher applied voltage (2 V < E < 12 V), the transport of ions between the different cell compartments is proportional to current. As shown in Figures 4a and 4b , there is a more or less linear increase of the demineralization rate and ionic flux.
In the last part (E > 12 V), the increase of the applied voltage does not conduct to an important increase in the demineralization rate and ionic flux. At this point the limiting current density is reached. No significant increase is observed in the current density and transport from the dilute to the concentrate compartment with increasing applied voltage.
Figure 4a also shows that the curve corresponding to cadmium removal have also similar behavior. The three notable regions are visibly distinguished. Cadmium ions are transported in the same way as other ions. As conclusion, there is no effect of applied voltage on the selectivity of ionic transport. Other metal ions don't present the same behavior. In fact, a previous work [22] , showed that iron is removed proportionally to applied voltage even if this last is too low. Apparently ferric ions transport is preferred than those of other coexisting ions.
As presented in Figure 4c , the current efficiency decreases by increasing the applied voltage. The induced current is not only used to cadmium ions transport but also to transport coexisting ions and to split water. Same results were obtained in previous work [22, 23] .
As shown in Figure 4d , the specific power consumption increases by increasing the applied voltage. This is expected because the SPC depends on the applied voltage and current. R(Cd) and J(Cd) were almost constant when the applied voltage surpass 10 V. Their limits are obtained at this voltage. In these conditions a clear variation of pH of dilute solution is observed. The chemical forms of cadmium in solution perhaps play a key role on the cadmium retaining. At this region, the current efficiency remained relatively low but the specific power consumption has increased proportionally to applied voltage.
Effects of Flow Rate
The ionic strength, cadmium concentration and pH of feed solution were adjusted respectively to 0.025 M, 6 mg L -1 and 5. The flow rate of dilute compartment was varied from 10 to 28 L h -1 .
It was not possible to increase the flow rate above 28 L h -1 since the extreme capacity of the pumps in the present system is defined as 28 L h -1 .
Experiments were performed by applying 2, 5 and 8 V each time across the entire assembly. The impacts of the flow rate on the ED performances are illustrated in Figure 5 .
As seen in Figure 5 , flow rate has a significant effect on cadmium removal in the range studied. In Figure 5a we notice that cadmium removal declines with an increase of the flow rate. This can be explicated by the remaining time of ions inside the different compartments of the cell. In fact the ions have more time to be transported from one compartment to another thought the membrane when the velocity or flow rate is lower. This can lead to an increase of the total amount of salts transported and so to an increase of separation percentage [13, 22, 23] .
Previous study [13] showed that ionic flux transport of salts decreases by increasing feed flow rates. This is also the case of cadmium. In fact, Figure 5b shows that more cadmium transport from dilute to concentrate compartments is achieved at low flow rates.
In other hand and as showed in Figure 5c the current efficiency declines when the flow rate increases. This endorses the obtained results. Effectively more current is used to transport cadmium species at low flow rate.
As illustrated in Figure 5d the specific power consumption depends also on this parameter. SPC is higher for low flow rate. For that, medium flow rates are suggested to get better separation and power consumption.
Effects of Initial pH
The removal of cadmium was studied at different pH values ranging from 2 to 12 and a fixed initial cadmium solution of 6 mg L -1
. Effects of pH of the feed solution on the removal and transport of cadmium are illustrated in Figure 6 .
As shown in Figure 6 , a clear dependency between the cadmium transport (and removal rate) and the pH of a solution is observed. So, in a pH range of 2 to ~7, the cadmium transport (or removal) is almost constant, and it lowers sharply when pH exceeds 7.
It was supposed that these results were due to the nature of cadmium in aqueous solutions [9] . Mainly, they were due to the presence of charged or not charged cadmium species in the solution. The shape of the curves established approximately coincides with that of the repartition of charged cadmium species vs. pH.
The speciation diagram presented in Figure 6 has been gotten with the Medusa software, a freely available software for the creation of speciation diagrams, and is valid for a 0.05 mM Cd(II) solution at variable pH [24] .
This diagram indicates that soluble cadmium charged ions exists for solutions with pH under 7. In this range of pH Cd(II) ions can be transported through membranes under the effect of applied current. As consequence, the cadmium removal rates were maxima.
After pH=7, cadmium hydroxides charged complexes appears. The transports of these species are reduced and removal rate of cadmium is consequently reduced.
The cadmium speciation diagram shows also that only non-charged cadmium hydroxide form can exist after pH=9. This composite cannot be transported by electrodialysis process. For that reason the cadmium removal were low. Also, at high pH (more than pH 7) some scaling problems can appear. An accumulation of cadmium hydroxides, in the neighborhood of the membrane, caused by concentration polarization and deposit layer formation, can be expected.
An interaction (adsorption) with the membrane material can occur thus a layer of these species on the membrane will be formed. These phenomena have a great effect on the electrodialysis performance. It diminishes the process efficiency and increases the power consumption.
Effects of Cadmium Initial Concentration
The effect of initial feed concentration on cadmium removal performance from aqueous solution was investigated using aqueous solutions with various concentrations of cadmium.
The ionic strength, the pH and the flow rate of feed solution were initially fixed respectively to 0.025 M, 5 and 18 L h -1 . Three voltage (2, 5 and 8 V) was respectively applied across the entire assembly for each experiment.
As shown in Figure 8a the cadmium removal has a significant dependency on the feed solution in this range of concentration.
The maximum cadmium removal is found for lower initial concentration (under 5 mg L -1 in this case). An increase of the initial concentration leads to the decrease of the cadmium removal. In fact at similar hydrodynamic and electrical conditions, the number of ions transferred through the membranes is almost the same but total amounts of cadmium are quite different from the diverse treated solution. As known the calculation of removal rate depends strongly on the initial feed concentrations and the amount of transported ions. So the cadmium removal changes reciprocally to the initial feed concentration at same hydrodynamic and electrical conditions.
The cadmium initial concentration doesn't have an effect on the current efficiency and specific power consumption. 
Effects of Ionic Strength
The effect of the feed solution ionic strength on the removal of cadmium was studied using aqueous solutions at various concentrations of NaCl salt. The ionic strength of feed solution was varied from 7 10 -3 M to 3 10 -2 M. The pH and cadmium concentration of prepared solution were fixed respectively to 5 and 6 mg L -1
. The flow rate of dilute and concentrate were adjusted to 17 L h -1 . 2, 5 and 8 V was respectively applied across the entire assembly. Figure 8 represent the effects of the ionic strength of feed solution on electrodialysis performances.
As shown in Figure 9a , the initial salt concentration didn't have a important effect on the cadmium removal. But, the effect is visibly noted on the specific power consumption. The specific power consumption is closely depending on ionic strength as seen in Figure  9b . The increase of salts concentration in the solution leads to an increase of the conductivity of solution. As consequence the electric current induced and then the specific power consumption are greater.
CONCLUSIONS
This study showed that the removal of cadmium which is classified as one of the most toxic heavy metals from brackish water by electrodialysis is depending on several parameters: -Until 10 V, better results were obtained for higher applied voltage.
Efficiency of cadmium removal declines by increasing the feed flow rate. Although, the power consumption is higher for lower flow rate.
-A strong relationship between cadmium removal and the pH of treated solution is deduced. It was thought that this probably due to the presence of charged or not charged cadmium spices in the solution. So, in a pH range of 2 to 7, cadmium transport (or removal) is almost constant. But it lowers sharply when pH exceeds 7.
Maximum cadmium removal is obtained for lower initial concentration (under 5 mg L -1 in this case).
An increase of the initial concentration conducts to the decrease of the cadmium removal. Although, this parameter doesn't have an effect on energetic performances.
The initial salt concentration or ionic strength seems to not have an important effect on process efficiency. But, the effect is clearly noted on the specific power consumption.
